Objective: Levator veli palatini muscles from normal palates of adult humans and goats are predominantly slow oxidative (type 1) fibers. However, 85% of levator veli palatini fibers from cleft palates of adult goats are physiologically fast (type 2). This fiber composition difference between cleft and normal palates may have implications in palatal function. For limb muscles, type 2 muscle fibers are more susceptible to lengthening contraction-induced injury than are type 1 fibers. We tested the hypothesis that, compared with single permeabilized levator veli palatini muscle fibers from normal palates of adult goats, those from cleft palates are more susceptible to lengthening contraction-induced injury.
ters for Disease Control and Prevention, 2006) . For infants with cleft palates, middle ear disease and difficulties during feeding and breathing often develop (Randall and LaRossa, 1991) . Regardless of the type of surgical repair of cleft palates, approximately 15% of patients still encounter problems achieving velopharyngeal closure, a condition known as velopharyngeal incompetence (VPI) (Marrinan et al., 1998) . Severe impairment of the levator veli palatini (LVP) muscle, the skeletal muscle most critical for the achievement of velopharyngeal closure (Moon et al., 1994; Huang et al., 1998) , can lead to VPI. A functional LVP muscle moves the soft palate superiorly and posteriorly to the back of the pharynx, effectively helping to close the velopharyngeal port (Moon et al., 1994; Huang et al., 1998 For adults with normal palates, LVP muscles consist of a mixture of fiber types (Moon et al., 1998; Stal and Lindman, 2000) . Fiber types can be distinguished by the velocity of force development for a given load, which is a function of their myosin heavy chain (MHC) isoforms (Talmadge and Roy, 1993; Moon et al., 1998; Stal and Lindman, 2000; Hanes et al., 2006) . Fibers with the type 1 MHC, slow (type 1) fibers, contract slowly, whereas fast (type 2) fibers contain type 2 MHC and contract rapidly. In two reports of fibers from LVP muscles of normal palates of adults (Moon et al., 1998; Stal and Lindman, 2000) , 70% were slow type 1 and 30% were fast type 2, but no fibers from cleft palates of age-matched patients were reported. The majority of LVP muscle fibers from cleft palates of infants are fast type 2 fibers (Lindman et al., 2001) . For the LVP muscles of adult goats, approximately all of the fibers from normal palates were slow type 1, whereas approximately 85% of the fibers from cleft palates were fast type 2 (Hanes et al., 2006) . The fast type 2 fibers were more prone to fatigue (Hanes et al., 2006) , which suggests that the presence of a large population of fast type 2 fibers in cleft palates might contribute to impaired performance of LVP muscles and to VPI (Hanes et al., 2006) .
Exposure of LVP muscle fibers from cleft palates to injurious events is another potential contributor to VPI. During daily activities, skeletal muscles are exposed to passive stretches and three different types of contractions: shortening, isometric, and lengthening (Friden et al., 1983; McCully and Faulkner, 1985) . During activation, a muscle can be kept at a fixed length (isometric contraction) or can be shortened (shortening contraction) or lengthened (lengthening contraction) (Faulkner, 2003) . When muscles of mice are administered a demanding protocol of shortening (McCully and Faulkner, 1985) or isometric contractions (McCully and Faulkner, 1985; Koh and Brooks, 2001) or passive stretches (McCully and Faulkner, 1985; Koh and Brooks, 2001) , the force may decrease due to fatigue, but maximum force recovers completely within a few hours. In contrast, following a severe protocol of lengthening contractions (LCP), muscles of mice sustain an initial decrease in force due to the disruption of sarcomeres followed by a delayed secondary reduction in force due to the inflammatory response days later (McCully and Faulkner, 1985; Brooks and Faulkner, 1996; Koh and Brooks, 2001) . For biopsies from muscles of humans following an LCP, initial sarcomere disruption (Friden et al., 1983; Newham et al., 1983; Gibala et al., 1995; Feasson et al., 2002) and the infiltration of inflammatory cells (Stupka et al., 2000; Feasson et al., 2002) were observed in some studies, although other reports lacked these findings (Yu et al., 2002 (Yu et al., , 2003 (Yu et al., , 2004 Crameri et al., 2004; Malm et al., 2004) . The presence of contraction-induced injury and an inflammatory response following an LCP were supported by imaging whole muscles of humans (MacIntyre et al., 1996; Foley et al., 1999) . The implication is that the lack of injury and inflammation reported in some studies (Yu et al., 2002 (Yu et al., , 2003 (Yu et al., , 2004 Crameri et al., 2004; Malm et al., 2004 ) may be the result of insufficient sampling owing to the limitations of biopsies rather than an accurate account of the events post-LCP.
For limb skeletal muscles, type 2 fibers, compared with type 1 fibers, are more severely injured by an LCP (Friden et al., 1983 (Friden et al., , 1988 Lieber et al., 1991; Macpherson et al., 1996) . Whether type 2 fibers from LVP muscles of cleft palates are susceptible to contraction-induced injury is not known. To resolve this issue, we tested permeabilized single fibers from LVP muscles of normal and cleft palates of adult goats. Permeabilized muscle fibers are fibers that have had their plasma membranes breached severely by a ''skinning'' process (Brooks and Faulkner, 1996; Macpherson et al., 1996) . The testing of permeabilized muscle fibers permitted the isolation of single fibers and investigation of properties intrinsic to each fiber in the absence of extrinsic influences such as neuronal or hormonal factors (Brooks and Faulkner, 1996; Macpherson et al., 1996) . The hypothesis tested was that, compared with the population of predominantly slow type 1 fibers obtained from normal palates, those obtained from cleft palates are predominantly fast type 2 and, consequently, sustain a greater magnitude of contraction-induced injury, as evidenced by the decrease in maximum force.
METHODS

Experimental Design
To test the hypothesis, single muscle fibers from normal and cleft palates were permeabilized, isolated, and submerged in three solutions sequentially: the relaxation, preactivation, and activation solutions. While in the activation solution, each fiber was categorized based on the contractile properties (Hanes et al., 2006) . The validity of fiber typing by assessment of contractile properties was confirmed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis of MHC isoforms. The magnitude of contraction-induced injury following the LCP was determined by the force deficit, the decrease in maximum force expressed as a percentage of the initial maximum force (McCully and Faulkner, 1985; Brooks and Faulkner, 1996; Macpherson et al., 1996) . All of these procedures, with the exceptions of the LCP and gel electrophoresis, have been described in detail in a previous report (Hanes et al., 2006) .
Animal Model
Of six adult (14 to 15 months of age) female Spanish goats (25 to 56 kg), three goats had congenitally-induced cleft palates, whereas the remaining three goats had normal palates. The cleft palate was induced by gavaging pregnant goats with an extract of Nicotiana glauca plant slurry twice daily from day 32 to 41 of gestation, the critical developmental period when palatal shelf closure occurs (Weinzweig et al., 1999) . As a consequence, the neck of the fetal goat remained hyperflexed and caused the tongue to obstruct the closure of the palatal shelves resulting in complete clefts of the secondary palates (Weinzweig et al., 1999) . Each goat was sacrificed using an overdose of Beuthanasia (Schering-Plough Animal Health Corp., Kenilworth, NJ). The validity of the goat model was supported by the finding that the plant slurry extract did not alter the fiber type composition of the quadriceps muscles of 2-month-old goats. For each goat (n ϭ 3 per group), one section of one fiber bundle (42 to 161 fibers per bundle) from the quadriceps muscles underwent fiber-type analysis following myosin ATPase staining (Brooke and Kaiser, 1970) . Quadriceps muscles of goats with cleft palates were composed of 22 Ϯ 5% type 1 and 78 Ϯ 5% type 2 fibers, values not different from those for goats with normal palates, 30 Ϯ 15% type 1 and 70 Ϯ 15% type 2 fibers. The procedures were approved by the Harvard Medical Area Standing Committee on Animals and in accordance with the guidelines of the United States Public Health Service, National Institutes of Health Publication No. 85-23.
Permeabilization
Prior to sacrificing each goat, the LVP muscle was harvested. Bundles of 50 to 200 muscle fibers were transferred immediately into skinning solution composed of 125 mM potassium proprionate, 20 mM imidazole, 5 mM ethyleneglycol-bis (B-aminoethyl ether) tetra-acetic acid (EGTA), 2 mM MgCl 2 , and 2 mM ATP at 4ЊC and were separated into bundles in less than 20 minutes. Bundles were placed in skinning solution containing the detergent Brij 58 (0.5 w/v) for 30 minutes at 4ЊC to enhance permeabilization of the fibers. The bundles were then transferred into storage solution composed of skinning solution with glycerol substituted for 50% of the volume of water for 24 hours at 4ЊC. Afterward, the bundles were transferred to fresh storage solution and were kept at Ϫ20ЊC until the extraction of single fibers was necessary.
Extraction of Single Fibers in Relaxation Solution
For the extraction of single fibers, the bundles were thawed to 4ЊC and then were submerged in relaxation solution (pCa ϳ 9.0) (pH 7.1) composed of 90 mM HEPES, 10.3 mM Mg (total), 1.0 mM Mg 2ϩ , 50 mM EGTA, 8.0 mM ATP, 10.0 mM CrP, 1.0 mM NaN 3 , 36 mM Na (total), 125 mM K (total), where individual fibers were extracted gently out of the bundle with fine forceps. Care was taken to prevent the stretching of individual fibers during extraction.
Determination of Fiber Length, Cross-sectional Area, and Mass in Relaxation Solution
Each muscle fiber was transferred to a chamber containing relaxation solution kept at 15ЊC. Two 10-0 monofilament nylon sutures were used to secure each end of the fiber, one end to a force transducer (Model 403A, Aurora Scientific Inc., Ontario, CA) and the other end to a servomotor (Model 322C, Aurora Scientific). Sarcomere length was set to 2.5 m by projecting a laser beam through the fiber and referring to the resulting diffraction pattern on a calibrated target screen. This was the only occasion that the sarcomere length was measured and the length of the muscle fiber adjusted to achieve a specified sarcomere length. After this initial length adjustment, the resting fiber length (L f ) was kept constant throughout the experiment. To measure the L f , the innermost tie at one end was centered in the crosshair of a microscope eyepiece. The entire apparatus was translated laterally with respect to the microscope using a micrometer drive with digital readout until the innermost tie at the other end of the fiber was centered. Fiber diameters were measured at L f using two high-magnification digital images of the top and side views of the fiber to estimate the width and depth, respectively. A prism embedded in the side of the chamber was used to obtain the side view. Five pairs of measurements for width and depth were obtained at intervals, approximately 100 m in length, along the midsection of each fiber. Cross-sectional areas were calculated for each pair of measurements of diameter, assuming an elliptical cross section. The overall fiber cross-sectional area (CSA) was estimated by calculating the mean of the five individual areas. Fiber mass was estimated from the product of L f and CSA, assuming a density of 1 mg/mm 3 (Macpherson et al., 1996) .
Determination of Resting Force in Preactivation Solution
Each fiber was transferred to a chamber containing a low-[Ca 2ϩ ] preactivation solution (pH 7.1) composed of 90 mM HEPES, 8.50 mM Mg (total), 1.0 mM Mg 2ϩ , 50 mM EGTA, 50 mM Ca 2ϩ (total), 8.0 mM ATP, 10.0 mM CrP, 1.0 mM NaN 3 , 36 mM Na (total). The transfer to chambers of different solutions was accomplished using a system (Model 802A, Aurora Scientific) consisting of multiple separate glass-bottom chambers machined into a moveable, temperature-controlled stainless-steel plate. Movement of the plate with respect to the fiber was achieved by remote control of two stepper motors, one to lower and to raise the well array and the other to translate the fiber to a new chamber position. The fiber was allowed to equilibrate for 3 minutes in the preactivation solution. This solution was weakly-buffered for Ca 2ϩ , allowing for very rapid activation and force development when submerged in activation solution (Moisescu and Thieleczek, 1978) . To determine the resting force (P rest ) at the end of the 3-minute period, the fiber was exposed to a slack release for 30 milliseconds and returned to L f .
Determination of Fiber Type and Specific Force in Activation Solution
A fiber was maximally activated when immersed in a chamber containing activation solution (pCa ϳ 4.5) (pH 7.1). The activation solution was composed of 90 mM HEPES, 8.12 mM Mg (total), 1.0 mM Mg 2ϩ , 50 mM EGTA, 50 mM Ca 2ϩ (total), 8.0 mM ATP, 10.0 mM CrP, 1.0 mM NaN 3 , 36 mM Na (total), 125 mM K (total). The value of P rest was subtracted from the force data obtained for a given fiber while submerged in the activation solution, so that the force reflected only the component of the force developed when maximally activated. To maintain structural stability throughout the period of activation, the fiber was cycled between an isometric contraction and short periods of isovelocity shortening near maximal velocity of shortening, followed by a rapid return to initial L f (Sweeney et al., 1987) .
After two cycles of isovelocity shortening, the fiber was exposed to a shortening step to momentarily unload the fiber and determine the rate constants of the subsequent exponential rise of force redevelopment (Fig. 1) . The rate constants of force redevelopment are indicative of the MHC isoforms present (Burton et al., 2005) and, therefore, are indicative of fiber type (Hanes et al., 2006) . For the description of force redevelopment, a double-exponential fit is superior to a single exponential fit (Burton et al., 2005) . For this reason, the force redevelopment was fit to a double-exponential using analysis software (Signo, Alamedo Applied Sciences, San Leandro, CA) and a least-squares fit to the following equation was performed:
In this equation, P is force at time t, P fmax is the maximal force for the fast component, k rf is the rate constant of the fast component, P smax is the maximal force for the slow component, k rs is the rate constant of the slow component, and P res represents the residual force present immediately after the length release and restretch maneuver. The value of k rf or k rs can be used to determine fiber type, and, for this study, each fiber was categorized using k rf (Burton et al., 2005; Hanes et al., 2006) . Values of k rf equal to or less than 5 s Ϫ1 are indicative of slow type 1 fibers, whereas greater values are indicative of fast type 2 fibers (Hanes et al., 2006) . The specific force (SP o ; kN/m 2 ) was determined by dividing the maximum isometric force (mN) by the CSA (mm 2 ). Because fibers may be damaged during the isolation and mounting, data for a fiber were excluded when the SP o was less than 80 kN/m 2 . Five fibers from each goat had values of SP o greater than 80 kN/m 2 and, therefore, their data were included in the analysis.
Lengthening Contraction Protocol in Activation Solution
While remaining in the activation solution, the fiber was lengthened by 40% of L f at a velocity of 0.5 L f /s and returned to L f at the same velocity (Fig. 1) . The magnitude and direction of length change was selected so that differences in the susceptibility to injury would be clearly detectable between the groups. The protocol was not designed to test the type of contractions that typically occur during speech, namely shortening contractions (Ettema et al., 2002) , because a protocol that caused a significant amount of injury for both groups of fibers was required for quantifying differences in susceptibility to injury. For permeabilized muscle fibers from the hind limbs of rats, injury-susceptible type 2 fibers had force deficits of 10% following a lengthening contraction of 10% L f strain, whereas the injury-resistant type 1 fibers required a lengthening contraction of 40% L f strain to produce force deficits of 10% (Macpherson et al., 1996) . Therefore, the LCP selected ensured that even the most injury-resistant fibers would sustain some observable damage, which was important for comparison purposes. The forces during this protocol were normalized to CSA, and the mean force during the lengthening contraction (P avg ) and the force when the fiber was at 40% of L f (P pk ) were recorded. The work done to lengthen the activated fiber was calculated by multiplying P avg by the displacement. The work done (J) was normalized by the mass of the fiber (kg). Contraction-induced injury is a function of the amount of work done to lengthen activated fibers (Brooks and Faulkner, 1996) . Consequently, determining this value for each fiber was critical for assessing whether fibers of normal and cleft palates were exposed to equivalent LCPs in terms of work done. The magnitude of the injury was assessed by the force deficit, the difference between the maximum isometric forces before and following the lengthening contraction expressed as a percentage of the maximum isometric force immediately prior to the lengthening contraction (Brooks and Faulkner, 1996; Macpherson et al., 1996) . The fibers were stored at Ϫ20ЊC until gel electrophoresis analysis was performed.
Gel Electrophoresis for the Determination of MHC Isoforms
To verify that the values of k rf correlated with the different fiber types, analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis was done (Talmadge and Roy, 1993) . A subset of the muscle fibers were analyzed, 11 fibers from normal palates with k rf values of 2.2 to 2.8 s Ϫ1 and 6 fibers from cleft palates with k rf values of 13.6 to 17.4 s Ϫ1 . Muscle fibers were assayed for protein concentration using the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA). Approximately 2.8 g was loaded per well of a 4% stacking / 8% separating acrylamide gel for the analysis of slow type 1 and fast type 2 MHC isoforms. Molecular weight markers, Precision Plus Protein All Blue Standards (Bio-Rad Laboratories), also were added to distinguish MHC isoforms. The gel was run for 16 hours at 150 V and 4ЊC. Gels were then silver stained using Silver Stain Plus (Bio-Rad Laboratories).
Statistics
All data were expressed as mean Ϯ one standard error of the mean. To account for the clustered structure of the data, wherein five fibers were measured within each goat, linear mixed models (LMMs) were fitted to the data (Verbeke and Molenberghs, 2000) . Values of mass, CSA, and k rf were modeled using the PROC MIXED command in SAS (Version 9.1, SAS Institute Inc., Carey, NC) due to the ability to fit LMMs with nonconstant error variance across the treatment groups. The remaining data were analyzed with LMMs using the MIXED command in SPSS (Version 13.0, SPSS Inc., Chicago, IL). The LMMs accounted for the fixed effect, the presence of a normal or cleft palate, and the random effect of the goats with the exception of the LMM for data regarding k rf . For values of k rf , marginal negative correlations were observed within data of individual goats. Consequently, the LMM was fitted excluding the random goat effects and using a compound symmetry covariance structure for the random errors. Significance for each statistical test was set a priori at p Յ .05.
RESULTS
Characterization of Fiber Type
The correlation between the utilization of k rf and the gel electrophoresis identification of fiber types was r 2 ϭ 1.00 (Fig.  2) . Fibers with high k rf values, 13.6 to 17.4 s Ϫ1 , only contained type 2 MHCs and fibers with low k rf values, 2.2 to 2.8 s Ϫ1 , only contained type 1 MHCs (Fig. 2) . The values of k rf for the fibers from normal palates were all less than 5 s Ϫ1 , the approximate cutoff value to distinguish fiber types (Hanes et al., 2006) . Compared with the fibers from normal palates, fibers from cleft palates had values greater than 5 s Ϫ1 and a mean value that was sixfold greater (Fig. 3) . This indicated that the fibers from normal palates were all slow type 1, whereas the fibers from cleft palates were all fast type 2.
L f , CSA, mass, P rest , and SP o
For muscle fibers from normal and cleft palates, the values for L f , CSA, mass, P rest , and SP o were not different (Table 2) .
Lengthening Contraction Protocol
During the LCP, compared with fibers from normal palates, the values of P avg , P pk , and work done to stretch each fiber from cleft palates were not different (Table 2) . Despite the lack of any difference during the LCP, following the LCP, the force deficits of fibers from cleft palates were twofold greater than those of normal palates (Fig. 4) .
DISCUSSION
The fibers from the LVP muscles of goats with congenital cleft palates were different from those with normal palates in fiber type composition and susceptibility to contraction-induced injury. Compared with permeabilized single muscle fibers from normal palates, those from cleft palates were com- posed exclusively of fast type 2 fibers and following the LCP, sustained twofold greater force deficits. Despite the high susceptibility to injury for the fibers from goats with cleft palates, the values of SP o were not different from those obtained from normal palates. The maintenance of SP o indicated that the muscle fibers from the cleft palates were undamaged and were functional prior to the LCP (McCully and Faulkner, 1985; Brooks and Faulkner, 1996; Macpherson et al., 1996) . The conclusion is that muscle fibers of unrepaired cleft palates are rarely, if ever, exposed to lengthening contractions of sufficient magnitude to cause damage during daily activities. This finding was consistent with results from magnetic resonance imaging of LVP muscles in normal palates of humans that demonstrated that during speech, the muscle typically shortens rather than lengthens (Ettema et al., 2002) . The results of the present study establish that factors intrinsic to the fibers of cleft palates predispose the fibers to injury from lengthening contractions. Whether other types of injurious events occur either during or following cleft palate repair and whether the same factors that render the fibers susceptible to lengthening contraction-induced injury also increase the susceptibility to these other injuries remain to be investigated. The high degree of susceptibility to contraction-induced injury for fibers from cleft palates was potentially attributable to their fiber type (Friden et al., 1983 (Friden et al., , 1988 Lieber et al., 1991; Macpherson et al., 1996) . The observation that LVP muscles of adult goats with normal palates are composed predominantly of slow type 1 fibers, whereas those of adult goats with cleft palates contain mostly fast type 2 fibers (present study, Hanes et al., 2006) , is in good agreement with results for normal palates of human adults (Moon et al., 1998; Stal and Lindman, 2000) and for cleft palates of infants (Lindman et al., 2001) . The fiber type distribution for cleft palates may have been the result of extrinsic factors such as loading (Wigmore and Evans, 2002) . Under these circumstances, the fibers of the cleft palate might not have been exposed to the appropriate environmental cues to convert to or to maintain mature slow type 1 fibers. Loading abnormalities were possible during the induction of the cleft palate when the fetal neck was hyperflexed and the tongue was wedged between the palatal shelves (Weinzweig et al., 1999) . Following the induction of the cleft, atypical loading persisted in that the LVP muscle fibers were abnormally attached to the posterior edge of the palatal bone and, consequently, were exposed to forces along the posterioranterior direction rather than the medial-lateral orientation of normal palatal LVP fibers (Weinzweig et al., 2002) .
Compared with slow type 1 fibers, fast type 2 fibers within whole muscles of humans (Friden et al., 1983 (Friden et al., , 1988 and rabbits (Lieber et al., 1991) and single, permeabilized fast type 2 fibers of rats (Macpherson et al., 1996) are more susceptible to contraction-induced injury. The ultrastructure of sarcomeres are dependent on fiber type (Agarkova et al., 2004; Prado et al., 2005) . Compared with type 1 fibers, type 2 fibers contain smaller isoforms of the sarcomeric proteins myomesin and nebulin (Agarkova et al., 2004; Prado et al., 2005) . In addition, type 1 fibers contain a large, compliant isoform of the structural protein titin, whereas type 2 fibers contain a greater variation of titin isoforms with some being small and stiff (Prado et al., 2005) . Further research is required to determine whether these fiber type differences in size and compliance of sarcomeric proteins affect the susceptibility to contraction-induced injury.
Although the present study did not test the effect of cleft palate repair and the rate of VPI in patients, the findings may have implications regarding VPI. The persistent rate of VPI, regardless of the type of surgical procedure performed to repair congenital cleft palates (Marrinan et al., 1998) , may well reflect an underlying defect in muscle function. The results of the present study raise the possibility that this defect contributes to VPI when LVP fibers from cleft palates remain type 2 following repair. As more is learned about the extent of fiber type conversion following cleft palate repair surgery, alternative strategies for repair and precautionary measures can be introduced to those patients at increased risk, namely, those with a higher percentage of type 2 fibers. Determining the approximate fiber type composition prior to surgery could potentially identify these patients and may eventually allow surgeons to implement an intervention that reduces the incidence of VPI and the need for additional operations.
